The chemical composition of the scale insect Dactylopius coccus was analyzed with the aim to discover new 26 possible intermediates in the biosynthesis of carminic acid. UPLC-DAD/HRMS analyses of fresh and dried 27 insects resulted in the identification of three novel carminic acid analogues and the verification of several 28 previously described intermediates. Structural elucidation revealed that the three novel compounds were 29
Pigments derived from insects and especially coccids (scale insects) have been used by humans since 48 ancient times for dyeing textiles, in cosmetics and in paints, and for coloring foods (Donkin, 1977) . The 49 most commonly used coccid dyes include kermesic acid (KA), laccaic acids (LA) and carminic acid (CA), 50 which share a red color hue due to a similar chromophore structure (Łagowska and Golan, 2009 ). The 51 compounds, or combinations of these, have been reported to be produced by several species of distantly 52 related scale insects (Hemiptera: Coccoidea). Mainly five species, namely Porphyrophora hamelii 53 (Armenian/Ararat cochineal), Kermes vermilio (kermes), Porphyrophora polonica (Polish cochineal), 54
Dactylopius coccus (Mexican cochineal) and Kerria lacca (Indian lac insect) have at various points in history, 55 and at different geographical localities, been utilized by humans for large scale production of coccid dyes 56 (Donkin, 1977) . Carminic acid and its aluminum salt carmine (E120) is by many considered as the pinnacle 57 of coccid dyes, based on its hue, light, temperature, and oxidation stability, and the yields by which it can 58 be obtained from natural sources (Dapson, 2007) . CA is known to be produced by P. hamelii (Asia Minor), P. 59 polonica (Europe), and D. coccus (Meso and South America), all of which have served as sources for the 60 compound (Wouters and Verhecken, 1989) . Present day production is based on D. coccus due to its 61 exceptional high pigment content (16-22% of dry weight), low fat content, and the ease by which the insect 62 can be cultured and harvested from leaves of Opuntia cacti (Donkin, 1977; Downham and Collins, 2000) . A 63 thorough introduction to the historical use and geopolitical role of carmine is given by Dapson (Dapson, 64 2007) . 65
Although insect-derived pigments have been utilized by humans for millennia and remain of significant 66 value within the food colorant market, the underlying biochemistry for their production remains largely 67 unknown. The coccid dyes, such as CA, have by many authors been categorized as polyketides solely based 68 on their structure (Morgan, 2010; Cameron et al., 1978; Pankewitz and Hilker, 2008; Brown, 1975) . The 69 biosynthesis mechanisms of formation of polyketides, via the successive condensation of acetyl-CoA and 70 malonyl-CoA units catalyzed by polyketide synthases (PKSs), is well described in bacteria, fungi, and plants 71 (Staunton and Weissman, 2001 ). However, no animal PKSs have yet been biochemically characterized, even 72 though many insect species are known to contain compounds that potentially may be synthesized via the 73 polyketide pathway. In most cases, the putative polyketides contents have been ascribed to the 74 sequestering of precursors, or the finished compounds, from the insects' diet (Pankewitz and Hilker, 2008) . 75
This situation is seen in Timarcha spp. (leaf beetles) which accumulates anthraquinones from its host plant 76
Galium spp. (Rubiaceae) (Petitpierre, 1981) , and in Laetilia coccidivora (pyralid moth) and Hyperaspis 77 trifurcate (coccinellid beetle) larva that accumulate CA by predating on Dactylopius spp. (Eisner et al., 
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A C C E P T E D ACCEPTED MANUSCRIPT 4 endosymbiotic bacteria, such as the production of pederin, a polyketide-peptide hybrid, in Paederus spp. 80 (rove beetles), which depends on an endosymbiotic bacterium related to Pseudomonas aeruginosa (Piel, 81 2002; Kellner, 2002) . A second example is the facultative endosymbiotic Rickettsiella spp. responsible for 82 the production of the polyketide viridaphin A1 in various aphids (Acyrthosiphon pisum and Megoura 83 crassicauda) (Tsuchida et al., 2010; Horikawa et al., 2011) . The biosynthetic origin of coccid pigments in 84 scale insects, however, remains a mystery. The hypothesis that coccid dyes are polyketides has solely been 85 based on their chemical structure, even though the polyketide class is characterized by a shared mode of 86 synthesis rather than shared structural features (Staunton and Weissman, 2001) . In fact, for the 87 anthraquinone core of CA, one could envision that this is formed via the shikimate based chorismate/O-88 succinyl benzoic acid pathway, as described for lucidi, alizarin, and morindone in rubiaceous plants 89 (Leistner, 1973; Han et al., 2001 ). If CA is formed by this pathway it would not qualify as a polyketide and its 90 formation would not dependent on a PKS. However, it is possible to distinguish between the two 91 alternative pathways as the polyketide-based synthesis would include a unique anthrone intermediate, 92
which is not found in the shikimate-based pathway, where the anthraquinone is formed directly. 93
The present study aims at increasing our understanding of the CA origin and its biosynthesis in D. coccus. 94
We also aim to elaborate on the previously proposed links to other biosynthetic pathways responsible for 95 the production of coccid dyes within the Coccoidea superfamily. In our study, we report the presence of 96 flavokermesic acid anthrone (FKA) in D. coccus, which strengthens the hypothesis that coccid pigments are 97 formed via the polyketide pathway, as FKA is the first cyclic intermediate in a polyketide-based pathway. HRMS was performed on a maXis G3 QTOF mass spectrometer (Bruker Daltronics, Bremen, Germany) 114 equipped with an electrospray ionization source coupled to an Ultima 3000 UHPLC-DAD (Dionex). 115
Separation was performed on a Kinetex C 18 column (150 × 2.1 mm, 2.6 μm, Phenomenex Inc., Torrance, CA, 116 USA) maintained at 40 °C using a linear H 2 O-acetonitrile gradient consisting of A: milliQ H 2 O containing 10 117 mM formic acid and B: acetonitrile containing 10 mM formic acid from 10 to 100% B in 10 min with a flow 118 rate of 400 µL min -1 . The FK anthrone was detected on a HPLC-DAD-HRMS system consisting of an Agilent 119 1200 chromatograph comprising quaternary pump, degasser, thermostatted column compartment, 120 autosampler, and photodiode array detector (Agilent Technology, Santa Clara, CA, USA) and a Bruker 121 micrOTOF-Q II mass spectrometer (Bruker Daltonik, Bremen, Germany) equipped with an electrospray 122 ionization source and operated via a 1:99 flow splitter. Analyses were performed at 40 °C on a Luna C 18 (2) 123 reversed-phase column (150 × 4.6 mm, 3 µm particle size, 100 Å pore size, Phenomenex Inc., Torrance, CA, 124 USA) with a flow rate of 800 µL min -1 . HPLC solvent A consisted of H 2 O-acetonitrile 95:5 (v/v) with 0.1% 125 formic acid and solvent B consisted of acetonitrile-H 2 O 95:5 (v/v) with 0.1 % formic acid. Separation was 126 obtained using a linear gradient from 0 to 100% B in 20 minutes. Mass spectra were acquired in negative 127 ionization mode. The search for coccid dye intermediates in the different scale insect species was 128 performed on a 6540 Ultra High Definition UHD Accurate Mass Quadrupole Q-TOF LC/MS system (Agilent 129 Technology, Santa Clara, CA, USA). Separation of the analytes was conducted on a Kinetex XB-C 18 (100 x 4.6 130 mm i.d. 2.6 μm, Phenomenex Inc., Torrance, CA, USA), column maintained at 35 °C. The analytes were 131 eluted with a flow rate of 400 400 µL min -1 using a water-acetonitrile gradient consisting of the following 132 steps: 100% water for 50 s followed by an gradual increase to 18.6% over 60 s, to 37.8% over 60 s, to 52.2% 133 over 120 s, to 54.2% over 70 s, to 90% over 120 s, to 100% over 120 s followed by 60 s at 100% acetonitrile. 134
The column was reconstituted with 100% water for 110 s prior to injection of the subsequent sample. 
Biosynthetic models 179
The biosynthetic models for formation of CA and related compounds were formulated using the 180 retrosynthesis approach including commonly accepted enzymatic driven reactions, as described in the 181 BRENDA database (Schomburg et al., 2004) , and the available structural data for coccid dyes (Morgan, 182 2010; Cameron et al., 1978 Cameron et al., , 1981 Brown, 1975 NMR experiments (Supplementary data Table S1) showed that dcII was flavokermesic acid 2-C-β-D-198 glucopyranoside, and the NMR data were in agreement with those reported for dcII (Stathopoulou et al., 199 2013 ). The reversed-phase HPLC-based analysis also revealed a previously undescribed major peak, eluting 200 at 13.40 minutes ( Figure 1A 
Structural elucidation of DE, and the novel compounds DE-O-glucosyl, DDE-O-glucosyl and FKA 211
DE displayed UV/VIS spectrum ( Figure 1E ) similar to that of FK, indicating a similar core skeleton. The 212 compound was not retained on a SAX column, suggesting that it lacked the carboxylic acid group found at 213 C-7 in FK. This conclusion was supported by HRMS (m/z 271.0600 [M+H] + , calcd 271.0600, ∆M 0.0 ppm), 214 suggesting a molecular formula of C 15 H 10 O 5 , i.e., DE lacking CO 2 as compared to FK. Structural elucidation 215 was carried out by 1 H NMR and 2D NMR spectroscopy (Table S1 ). The 1 H NMR spectrum showed a signal for 216 the OH-group positioned peri to the carbonyl group (δ 13.30, 1-OH), two sets of meta-coupled protons H-5 217 and H-7 (δ 6.54 and 7.04, respectively, 3 J H5-H7 = 1.9 Hz) and H-2 and H-4 (δ 7.43 and 7.01, respectively, 3 J H2-H4 218 = 2.5 Hz), and a peri-positioned methyl group (δ 2.81, s, 11-CH 3 ). The meta-coupling between H-5 and H-7 219 clearly proves the lack of the carboxylic acid in position 7, and thus HRMS and NMR data supported the 220 compound to be DE, also known as 3-hydroxy-aloesaponarin II (Mehandale et al., 1968) , and previously 221 observed in air-dried D. coccus (Sugimoto et al., 1998) . Table S1 ). The 1 H spectrum showed resemblance to that of DE, but instead of the two 229 doublets observed for the meta-coupled H-5 and H-7 in DE, signals for H-5 (δ 8.12, dd, 7.5, 1.2 Hz), H-6 (δ 230 7.78, t, 7.5 Hz), and H-7 (δ 7.75 dd, 7.5, 1.3 Hz) showed the absence of a hydroxyl group at C-6 in DDE-3-O-231
Glcp. Furthermore, a doublet at δ 5.26 ( 3 J H1'-H2' = 7.6 Hz) for a β-configuration of the anomeric proton H-1' 232 (as well as the 13 C value of 101.1 ppm for C-1) and the remaining 1 H and 13 C signals for H-2' to H-6' and C-2' 233 to C-6' (Supplementary data Table S1), are in agreement with a β-D-glucose unit (Bock and Pedersen, 1983) . 234
The O-linkage of the sugar was evident from a more deshielded anomeric proton (101.1 ppm) compared to 235 that of C-glucosyl linkages reported for related compounds (Stathopoulou et al., 2013) . In addition, a HMBC 236 correlation from H-1' to C-3 (164.6 ppm) further confirmed the O-glucosyl linkage to C-3. Thus, to establish 237 the D-or L-configuration of the glucose moiety, an aliquot was hydrolyzed and analyzed by GC-MS and 238 chiral GC-MS. This confirmed that the hexose moiety was D-glucose ( Figure S2 unrelated biosynthetic origins for the various pigments. However, the number of shared metabolites and 278 the common FK core structure of the pigments suggest that all coccid dyes are formed via a similar 279 biosynthetic scheme with a common evolutionary origin. If so, then many more scale insect species, i.e. 280 those forming a monophyletic clade with known producers, would also be expected to be able to produce 281 coccid dyes or related metabolites. To this end, we have demonstrated that members of the Planococcus 282 (mealybugs) and Pseudaulacaspis genera also produce coccid dyes. Hence, the ability to form these 283 pigments is indeed more widely taxonomically spread than previously believed. This would support the 284 most parsimonious explanation, being a common evolutionary origin within Coccoidea. Of evolutionary 285 importance here is that Porphyrophora and Dactylopius belong to two vastly different clades of Coccoidea. overlooked in past studies. Such evidence includes the report of a stable yellow color mutant of the 310 normally red Kerria lacca (Indian Lac-insect) (Negi, 1954) , and a white color mutant incapable of producing 311
LAs (Chauhan and Teotia, 1973) . Dissection of the genetic basis for these two mutations, by classical 312 genetic crossing experiments, showed that the two traits are non-allelic and that they follow simple 313 recessive inheritance (Chaucun, 1977; Chaucun and Mishra, 1977) . If endosymbiotic bacteria were involved 314 in catalyzing steps in the formation of the core structure of the coccid dyes, the mutant trait would be 315 expected to be maternally inherited as a result of transfer via eggs (Ferrari and Vavre, 2011) . Any 316 conclusions on this matter must await demonstration of the ability of the color mutants to host 317 endosymbiotic bacteria. Independently, support of an insect rather than bacterial origin of CA has been 318 provided by a series of microscopy studies of the hemolymph from various Dactylopius spp. These studies 319 
Model for the biosynthesis of carminic acid 324
Based on its structure, the biosynthesis of CA may be hypothesized to proceed by two different routes 325 ( Figure 4 ). One envisioned biosynthetic scheme involves the polyketide pathway, also known as the 326 acetate/malonate pathway ( Figure 4A) . A second possible biosynthetic route involves the shikimate based 327 chorismate/O-succinyl benzoic acid pathways ( Figure 4B ). Both biosynthetic schemes ultimately result in 328 the formation of anthraquinones; however they would be predicted to include different intermediates, e.g. 329 a unique anthrone in the case of a polyketide-based pathway, which can be used to distinguish between 330 the two. Detection of the FK anthrone (FKA) in fresh and frozen D. coccus material (Figure 1) provides 331 support for a polyketide rather than shikimate origin of compounds with an FK core. That the anthrone is 332 detected in the current study can likely be attributed to the milder extraction conditions, and the use of 333 fresh material rather than dried insects or dyed textiles that have been used in previous reports on the 334 subject. The anthrone is abundant in the fresh material as evident by the HPLC-HRMS-DAD analysis (Figure  335 1), but is not detected in dried insects, which is in good agreement with our previous observation that the 336 purified anthrone spontaneous oxidizes. Microbial based reduction of the FK anthraquinone to yield the 337 
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Based on the detection of FKA and the novel CA related compounds identified in D. coccus, and under the 343 assumption that its formation is not the result of microbial reduction, we here propose a biosynthetic 344 pathway for the formation of CA in D. coccus ( Figure 5 ). This biosynthetic pathway is an elaboration of the 345 models previous proposed by Brown (Brown, 1975) and Morgan (Morgan, 2010) , and differs by including 346 additional intermediates and predictions for the required enzymatic activities and co-factors. 347
The enzymatic machinery, responsible for the formation of polyketides in animals, remains unknown, and 348 several competing hypotheses exists. One possible explanation could be that the involved PKS has been 349 introduced into the genome of scale insects by horizontal gene transfer (HGT) from fungi or bacteria. aromatases, respectively (Shen et al., 1995; Bringmann et al., 2006) . In the case of coccid pigments, 378 controlled folding of the linear octaketide to form FKA could depend on similar mechanisms that would 379 require additional mutations in the FAS or trans-acting enzymes as presented in Figure 5 . It has not escaped 380 our notice that the mutated FAS hypothesis potentially also can explain the formation of other polyketides 381 found in insects, such as 5-hydroxy-7-methyl-6-acetylpurpurin from Ericoccus spp. (Coccoidea: Ericoccidae) 382 (Banks and Cameron, 1970) , chrysophanol in Galeruca tanaceti (Coleoptera: Chrysomelidae) (leaf beetle) 383 (Bringmann et al., 2006) , and the predicted monomeric precursors of protoaphins in aphids (Brown, 1975) . 384
The listed compounds are all likely also formed from non-reduced octaketide precursors but display 385 alternative backbone folds and would hence dependent on other cyclases than those involved in coccid 386 dyes biosynthesis. 387
In the case of CA formation, the enzymatic steps following formation of FKA are predicted to include two making it likely that FKA to FK conversion is an enzyme dependent reaction in vivo, rather than a 395 spontaneous reaction. The order of the two subsequent reactions (monooxygenation of C-4 and C-396 glucosylation at C-2) that ultimately yield CA is unclear as both KA and dcII accumulates. Hence, it is 397 impossible to determine whether both pathways are active in vivo or whether one represents a shunt. 398
Monooxygenation of the C-4 position that converts FK to KA is likely catalyzed by either a cytochrome P-399 450 or flavin-dependent monooxygenases. The accumulation of several intermediates suggests that the 400 natural CA biosynthetic pathway is imbalanced; a situation that likely is caused by insufficient flux through 401 downstream enzymatic steps resulting in the buildup of intermediates. 402 Austrotachardia acacia (Maskell) are also known to accumulate DEL, erythrolaccin (EL) and iso-410 erythrolaccin (IEL) in their resin deposits (Chauhan, 1977; Caselin-Castro et al., 2010) . The structural 411 similarity and co-occurrence in multiple species suggest a common biosynthetic origin for the FK (C16) and 412 EL (C15) compound families. This is further supported by the observation made by Chauhan and Mishra 413 (Chauhan and Mishra, 1977) who noted that a single mutation in white K. lacca strains affected both the 414 body color (primarily caused by LA) and the resin color (primarily caused by EL) (Bhide et al., 1969) . Based 415 on this, we propose that the FK (C16) and EL (C15) compound families are products of the same 416 biosynthetic mechanism in scale insects and that the difference in carbon number is due to decarboxylation 417 of FKA, as presented in Figure 5 . A highly similar anthraquinone decarboxylation step has previously been 418 documented in the chrysophanol biosynthetic pathway in G. tanaceti, though the responsible mechanism 419 and timing of the decarboxylation step is unknown (Bringman et al., 2006) . 420 421
Evolution of the FK biosynthetic pathways / Variations to the FK biosynthetic pathway 422
CA has been shown to act as a chemo deterrent that protects the immobile scale insects from predatory 423 ants (Eisner et al., 1980) This process is attributed to the quinone nature of CA allowing it to participate in redox cycling with ROSs. 435
Relocation of the radical within the conjugated system of CA or FK would allow for activation of multiple 436 positions in the FK core (C4, C8, C10, and C9-OH) as described for other naphthoquinones (Frandsen et al., 437 2006 ). This is a very interesting observation as the formation of FK radicals potentially can explain how the 438 tyrosine-derived groups found in LAs are added to the FK core by radical activation of the C10 positions and 439 oxidative coupling with tyrosine or one of its derivates (tyrosol, N-acetyltyramine, tyramine or 2-(4-440 hydroxyphenyl)ethyl acetate) ( Figure 6 ). Figure 6 The model includes five different monooxygenases, acting on C4, C6, C8, C16, two dehydrogenases, a 443 decarboxylase and a C-glucosyltransferase. 444
The extensive chemical diversity and existence of multiple alternative decoration patterns support the 445 hypothesis that the FK forming biosynthetic pathway has a long evolutionary history within the Coccoidea 446 superfamily. 447
In summary, we propose that formation of CA depends on the activity of a modified fatty acid synthase or 448 polyketide synthase, possibly one or more cyclases/aromatases, one anthrone oxidases, a 'cytochrome 449 are likely catalyzed by different enzymes, based on different positions in the FK core that is modified. The 679 oxidative coupling reactions, branching out from the two hypothetical intermediates, are likely unspecific 680 reactions that occur via highly reactive radicals generated by the insect's innate immune system. 681 • Coccid pigments is much wider spread within the Coccoidea superfamily than previously believed, suggesting a common genetic basis and evolutionary origin.
